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SUMWARY

Tests have been conducted to determine the thermal and
rressure~drop perforiance znd, to & limited extent, the Jdurabil-
ity of a cross—ilow, inter:ally finned, tabulsr exhanst~heat
exvchanger desiagned At ithe Alrersi™t Dngine itesearch Laboratory.

The tesbe covered s ranres of exha -nl-zas lows froa 3500 to ’
7500 pounds per nour, cnolin<-air flows Lrom ;500 to 9500 pounds
por hour, and exhaust-mag teapnratures fras 800° F Lo 15507 F.

The exhaust zas was pradnced in 3 r3soline combastimn Ivurnace.

The test vesults rhow Lhat this exchan~or tranzfers
207,900 “tn par hovr ab an exnaast- s $low of LOUO nomnls par
honr ardd a cooline—air flow of 2000 powmds par hour for an entrance~
temperature aillfirrence of IR0CY I betwecn the exhmist gas and e
ecooline 1ire The correcpondine pressure dro,. o the couliny air
i# .3 inches of write r at atandard sen-level density and of thc
evitaust gas, 2.5 inchos of wal.r =t sea-level prescurs and 16500° F
entrance temperature. After 9C nours of operation tha tesl unit
fave no indieatior of deterioration.

INTRCNICLION

The exhmist—pas heat excqinpor is of current interest ar a
means not only of providing heated air for airerafi de-icing and
cahin heating but 2lso of rendering the exhanst pes invisible
by reducing its tempzcratur~. In the past few ysars 2 variety of
designs nave been conegtructed an.i tasted largely under ihe spon-
sorship of the HACA. (Lee referecncesr 1 to 6.) The success of
many of these investipgations was created a growing: interest in
the seneral improvament of the exhaist—gas heat exchanger.

The problem of the desim oi an exhaust-heat exchanger ls
laraely a question of sclectine a core structure that c¢ombines
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low pr.ssare drope and lighitness of weipht witu compactness and
Aarshility. OConpactncoss 1s neaturally leitcd hy excessiv: pres—
zur. Jdrons hut it may ba obtained to a highcr degres with one core
structur- than with anothcr of the same? psncral type if proper
congld-ration is given to the surface distribution. In sny heat
.xchenrzs e neat diqsipqtinn car unit volume is maximum when
th: hert conductancs on nhe gsida of the transfer surfac. ig 2qual
tJ that on the othr ¢idc. I th h 4+-trﬂn= 2r surfaeccs and fluid
Joeitice are muen tiat tare: conductaners ars arcqual, Indirect
trﬂ =fer curfac. mny Lo afdder 0 thr ding rL"r fidc and the flow-
cansss - dimensions adjuseed o Lrovon! oroibitive prossar: drops.
Irth racr. , indlir .ol tranai-r carfoel eld-d 4o the conling-air
sid- to scbifeurd to lorter tfearceroturzs and muce ia leege likely
t A~lericrate.

o tie

2
S

sis of tn= fore~wsiny cnsiderations, a cross-flow
1t alsr nxatast-heat cyelaqpe e in ghich cooline~-2ir floms {hrough
tae tukes @1 desirnoed 2t dhe pirerait fngice Fesearch laboratery
of the YAlA =1 Ules-l-n!, Jhio, in e awtomn of 19h5. Pithin
cacrt *vh e are Lmsiladinol, ecortirucis Fia~ o ldnad o e inner
t1ll by =2 prezece Jdeviloped by the Erows Fin-Tub:z Connany of
Elrria, Okion, o eovstruct.l the anddr: nit. The tuvs ends are
weived into txin "wader platez in a wearer intended to ; rovide
fZoxihility seainzl thermnel cxai2asion,  Tamelor iuslen? of plate-
voe constricticn mas caosan perause of ite greater strensgth and
lascsr surceptibility to waapins resiiting frem ansven healing,

The »nit wu= 10hovﬂicry tested 2zt AERL during Vebroary and
arch 12454 feor charral nd greseirs—lIrop performarce and, to some
esteni, for dursbillty over 5 rrave of £lui” flows ond exhzust—+as
tegeratares, Th2 results of thoce tests are presente” horein in
tne Lorn of tohles and curves,

PACL TYVy A GEtU-TAC'UNALR STFET TUITT

Tre debaile 2n”? rencral an; sarance of Lae UASA hest archonzer
are ghoown 1 ficmrer 1 and 2. 1o eyehm:~r rore cnslists of
45 log-carton stes]l tubre dircerted jn tiin header plat-c of the
rane materinl., Thr tuong are shout 10 inecaes lons and have an
oater simmeter of 0.7E el vith a2 wall thickness of .23 inech.
Inside mnch Labe cdiant cortinuouz, loncitadinal I'inzs of low—carbon
gtee]l rro o woldod, oz shoun din Sigwrs 1. The Tins are 00018 inch
thick, 5.195 dinch hieh, -l epially spaced along the cirauaference.
Tz are of sialrlecoi—rtasl matcrlal lor tno entirve anit would be
re=12rasle Wut availatility consider-tions prevente:l en-h choice.



NACA ARR No, E4H22 5

The tubes are in staggered arrangement with exhaust-gas flow
across seven benks of nine tubes each, These tubes are Inserted
into punched holes in the heeder plates and are flame-welded at
the Junction tips, as shown in figures 1 and 2. This construction
should provide flexibility. The tube~end welds are exposed to the
cooling-alr flow and are shlelded from the exhaust gas. This
position: of extended surface end welded Joints should favor the
durabllity of the exchanger.

The wolght of this hoat exchanger, as received fram the fac-
tory and as shown 1a figure 2, wes 25.5 pounds including flanges
ardd ribv-strengtoened plates covering the no-flow faces, Before
the exchanger was mounted for testing, the flanging was changed
to provide a more convenlent and leak-proof installation. The
welght might be reduced bF the use of thinrer metal for tube walls
and fins, but In tkls cornection taere 1s a guestion of dvrability
that requires further lnvestigatlon.

TESY SEVTP

A diegram of the tost setup 1s ghown in fisure 3, Tke test
oquipment consisted ossentially of an cxhaust-gas producer, the
aeat-exchangsr test urnit, dvcting, flowmeters, and tempeisture- and
pressure-moasuring instruments. Both the cooling alr ond the air
roqulred for combustlon wore obitalned from the laboratory corbustion-
air supply; the resveciive flowa wore contreolled by pressuro-regulated
butterfly velvos. ke cooling alr flowed through ths tubes and the
orhaust gas flowsd across the tubes of the exchanser., Flow rates
wore mocsured upstroam from the exclanger by means of calibratod thin-
Plate orifices lnstalled ecscording to A.S.M.E. specificatlons,

Entrance and exlt fluid temperatures were measured by ShLermo-~
couples placed across each flow nectlon at distances from the core
faces a8 shoun by figuve 4. Cooling-air temperatures were indi-
cated on a self-balancing, direct-reading potentizmeter; exhaust-
gas temperatures were indicaved on a manually balanced potentlameter,
In the exhaust stream wero quadruple-shielded chromsl-slumel thermo-
couples, three at the entresnce of the heat exchanger and three at
the exit, One of each set of three was a Goneral Electric thermo-
couple; tho other two wore comstructed at this laboratory with a
epiral skliold of four turms, The reedings obtalned from tho three
thermocouples at each statlon were in good agreement. Unshieldod
iron-~-constantan thermocouples were used 1in the cooling-air stream,
two at the upstreem sido of the exchanger and sets of six placod
dlagonnlly across each of two sections downstream from the exchanger.
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The test unit was enclosed in an insulating cement 2 inches
thick. The insulation w=2s extendsd along each duct beyond all
taermocouple stetions to prevent error due to heat losses to the
room. Tae entire duct betwsen the exhauct~gas producer and the
test unit was insuleted in thz same mznner. Upstream of ore of
the dovmetrear sections (station C) were mixing baffles, as indi-
rated in fignre . Waen ta~ exhanst-pas temL,raturﬁ was high
(17007 # 1o 1580° F) the indicated temporatur~ ab station C was
adoat U° F lower tiaa tie irndicsted temperature at station 3.
"ais Aiffereaee in indicatzn Lazmos ratures lecreases ~ith exhanst-
22 tumpotalur  ant war, ia nl1l cares, less taon 2 nercent of lhe
coJing—2ir teaer-tave rise, Lince the insalaticn on lha duct
walls rrevaated 1e~t loss of suilieiant mamitude to cavse spLrae-—
ciable Lanoeraturs drop, tile differenece In leaperatare indicalions
Let' zen statione N oenv O iz attribueted to rzdiation from the
domstrsam "adur plate of ti: exciangar 1o tnr thermocouples it
statior Ta ke tasraocsu leg af stetion § comld rot be thus
affecicd recruse . the ghieldirne effect of the baffles and tae
intrrvening 90° eltuw., The taserature rise was comauted from
tep epatures ogtoived from ctatious A and 7, becwir: it nas assnaed
taas mrastiically wyual radlstion effocts 2xished =t thesc tw
statione and thaat tho orrer dus to radiation @o0dd Le camceled in
tha tonpsratire difference.

static pressires ypslr-an 2nd dovmstrean irom the excuanger
vere neagired in both fluid stresme for stations at Aistancas from
the core races wiven in fimire U, 41 eych station a prossare tao
w15 inctallesd 2t the center of ench iee of thue rectoagnlar s-ction.
Thr four tals of each szehiowr were conneetad throurh a piscomcter
riu~ to 2 marountir. Pressnre-ian stabiors were botweeearn thermo-
coul 12 stations anid tho cxchanzer.

The toets consletsl of 12 seriss of rans that iLv*lved a2 totsl
k

[

-
onf "pout 95 heare of testinge timz. Tn cach s=rigs hae flaid weifht
flors vere k.t ag pzarly erpstant 25 9nssible -nd e ath:st—gas
» ntrance ieﬂ{'rﬂta“n wag vur*:: in ineruwsts of atomt 2G0° F by

caruyin« Lh amoant a1 garoiineg suﬂw’i'ﬂ to tae  vharsi-gas
prosacer. T 06)1]”'—°1r inl ot temcratar., thoush nob controlled,
rzarined ncﬁrlb constant at 68° F #1007 throngiout the tasts.

Thi fa. 1=-ir ratio of tn2 evhanst 98 vari.d from 0,ClL to 0.02€
Ao onling on thr svhanst-gas temo cratnres desired,

The ap.roximate cxhwst~oz2s flowL, th. ayproxinat: cooling-—
air flyws, ané the ran-. of -as—\rl teaperalnres ueed are given
in th. follovin,s table:
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¥
Exhanst-zas flow|Cooling—~air flowjRange of gas~lnlet
ratz, W, rats, Wy tempereturas (in ateps
(Wb/hr) "~ 1™ (b/nr) of approxi?gégly 200° F
3500 3800 1100 to 1500
5400 800 to 1500
7200 900 to 1500
9300 900 to 1850
£L00 31,00 250 to 1500
51,00 1000 o 1500
THho0 BE0 Lo 1EED
9l,e0 850 to 1350
7200 57C0 1280 to 1500
SheEd 1170 to 1500
Than 1000 to 100
9400 930 to 1500

After th. teste, th- anit was ch-cked for 1l.aka-e and.r a
prsssur - of I inencs of wreury. No leaks wer Astectzd in tac
core provur but 2 slight leak was found in a +:1d. d joint in too
cazing near a flan~e. Under the leak-tost nrereure orf ! inches
of inercury, the mearured flow throuph this 1l-ek woe n2hout
3.0, soumd er second.

All the 1mportent data obtsined in these teets are samarized
in 12hle I,

A1l the eymbols need in the aralysis are defined belovw:
specific heat at constant pressare, (Bta)/{1h)(°r)

£ rote of heat exchanre hetwzen I'lulde, (8t1)/(hr)

T flui? tamperature, (°F)

¢ ro-flo« length, (in.)

W weight flow, (1h)/(hr)

static pressure of fluiad at vntrance of exchonger, (in. Hg
ahsolute)

»

Ap pressure drop acrose exchanger, (in. HZO)
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AT tzmperature change of f£luid across exchanger,(oF)

oT,! temperature change of exhaust gas computed from heat balsnce
. r ; 1
K A 1 =
equition, _?Te ﬂécpaATa/Wécqu

] AT, ! ]
Te vooling effectiveness of exchenger,
(T5) - (15)
en en |
r AT, i
Tia hestin~ effectiveness of exchanger, |——
™
(le} - (Ta)
en en |
o] deacity of cocling air relative to stondsard atmosnheric
deneity of C.74K, (1v9/{ca ft)
o dearitv of eviamst pa=, {(idMou.ft}
pno density of axhaust pas at lSUCo F, 29.92 inches of mercury

and a fuel-sir rativ ol $.08, ﬁ0.01gh 1n)/(cu ftﬂ
Suynscrints:
A conling aix

exhaust «ag

D

en ntrance

oY axit

BASULTS ALD NISCUSS1ON
Thermal Pesformance

Fifure § suows a plot of the heat dissirated by the exhaust
gas azainst lhe heat absorbed by the cooling air. A value of
7,211 was usad for th= snacific neat of the couling-air and values
rancine from 0.250 to {.27U were used for the specific heal of tne
exnrut g38 denmdineg on 1h= averape temperature. The points in
this fieare were calmilabed from the relations

Ha = Ty [(Ta)ex - (Ta)ﬁgl
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and

Hg = ecpe [(Te?en_f <Te)exJ

The specifit heat of exhaust gas Was sssumed the sam= as that of
air hecause of the extreme leamness of the exhaust-gas mixtures.

An excess of heat absorbzsd by the cooling air over that dissipated
hy the exhsust gas at the higher heat flows is shown in the figure.
The cause of this discrepancy is probsbly in the exhaust-gas stream,
and for this reason the thermal performance has been evaluated from
measurements on the cooling-air side.

In figure 6 i3 ghown the heat ontput of the heat exchanger
plottel against cooling-air £low for exhaust—gas flows of 3500,
£hou, and 7200 pounds per hour and for an entrance-temperature
difference of 15629° F. These valnas of hest output are the values
of heat ahsorbed by the cooling air as computed fron test data
ohtainnd at an sxhausit~ras entrance temperature of about 15’00o F
correctmd to an entrance-temperaturc difference of 1500° F. The
correction war made by means of the following vrulation:

1500

X
test (T - (T
o)en (La)en

(Hy) (H,)

1560

Th: corresponding temperature rise of the cooling air is shown in
fienre 7., Examination of fipures % and 7 lndicates a cooling-air
tem.erature riss of L4OS® F and a heat output of 293,000 Rtu per
pour for an exhaust~pgas flow rate of 7200 pounds per hour (corre-
sponding to engin= operation at approximately 1000 hp) and for a
coolinp—air flow of 3000 pounds jper nhour. At the same cooling-air
flor but with an exhaust-gas flow of LOOO pounds per hour the
coolins=air temperature rise is 350° F and the heat output is
255,000 Btu per hour.

The cooling and heating effectiveness of the exchanger as a
function of the fluid flows is shown in figure 8. The heating
effectivaness is defined as

ATa

(Te)an - (Tg)en

n, =

Because the temperature mcamiremsnts on the cooling-air side are
considered more reliahle than those on the exhaust—-gas side, the
cooling effectivencss is defined as
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AT,

Mo " 1 )
T.) - (T
€ en 2%n

where
'v‘v’a(cl-,)a
AT ' = AT X —
~ a |ve(0p}e

Th=2 exizession for Are' is obtained frcm the heat-talance equa-
tion,

Tolep)  &Tg" = Waleo) 4T,

Fimire ® ir nesed un dota fur exhmist-entrance temperatures of
16%° ¢ to 1760° F, tut it should apply for entrance temperatures
of 150 #200° F withoui serjous error. 7he heat~transfer process
is nnlv slightly affected in this temperature range by the varis—
tion with terperatnre of the combinati~n cf physical properties
of Lhe fluids involved.

Pressura Drops

Tue correlation of coolin—air pressure-drop Gata is shown

in fi~ara 9. Becsure the pregsure drop is not only a fnetion of
welcrht flov brt alse a fanction of dersity chanpe, the expserimsntal
dar? ~re expressed in terns of O, 4n,/V, »?2  and plotted acalnst
osx/°-==n' The exponent 1.92  wau derived from pressure-drop
eqaitlons riven in refercnce 7 2nd is validated by the lack of
scritor shown in this correletion. The relationship thus estar-
li=ed is raploited in fi-vre 10 on logarithnic paper with the

~nvantioudl coordirates 2nd Lor varinus values of Ogy/0g, which,
al to or less thzn unity. The effect
ity change in the exchanger is seen to

for tue cooling alir, are eq

3
on pressure dropr of the dens
Le nalie appreciavle,

Figares 11 an] 12 pertain to the prcssure drop of the exhaust
ra5 acress the excaszneer =pd are analorous to figures 9 and 10,
respectively, In this case the values of (Pe) /er) are
ex

rreater than unity for nonisothermal flow, because the density of the
r,as increases when it flows through the exchenger. Figure 11
shor2 a greater scatter of the test dsta than shown 1n figure 9
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for the conoling air; furthermore the exponent 2.1 of Hé, which

uas found to best £it the data, is sreater than theory would inli-
cate. Lo definite explanation can.be offered for these conditions;
hovever, during the tests it was noted that under some test condi-
tions a waistling sound was produced by the flow of the exhaust

#a8 across the exchanzer tubes.

This condition was attended by

err:tic behavior of the manumeters that measured the pressure drop.
dotwithstanding the foregoiny considzrations, it can he atated that
tha curves of figmre 1T represent the test values of pressure drop

within C.5 inch of water.

Although the thermal and thne pressurs-drop performances shorm
in fi.ures 6, 7, 8, 10, and 12 are given for the test exchanger
wity ’ no-flow len,rth of 12.75 inches, the curves are, of courss,
anlic*ble to any no-flow ler.gth of an otherwise identical exchon er
il thc heat outyut Hiney and the £laid flows

(#.) and
e test

(ﬁq)t N are correctrd nccordine to the followinc relations:

SuT

anA

whore i and

H=H

d=7

g coreespond

tet X 12.75

w
1ect X 1_2.7":

t+ - no-flow lenpgtn =, in inche=.

T1lustratiosn of the Use of Lozarithaic Chavts

In order to determine the cnoling-air rrosenre drop acrosrs
the exchangwr from figure 10 when the lhermal perfurmance and the
entrance temperaturce and pressure of the cxchanser are known, it
is nceoessary taat the terme
Tha valus of Jgon 15 obtained from the known ontronce temporaturs

The density ratio is obtained from Lh> expression

and pressure.

Oon 4 9./3 f

qu

be first cvaluatode

(1)
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Sinece the valus of ar, is baing songnt, 1t is sssumed equal to
zero 2nd the equation is solved for a first approximation of
EX/O‘U!\ which whan applied to figurs 10 together with the known
walue of cooling-air flow gives a valus of Oyn,Apg. This value

cf Og,bpg is divided by OJ,, to ontain a first epproximation

of 4p,, wvhich is mbstituted in equation (1) for a second approx-
imation of O, /C,,. [n actual practice the effect of 4p,; on
Oax/O:n 18 smnll ercept ot hizh altitules. Ordinarily, thercfore,
tais procsss of succiesive approximation is limitcd to ons or two
ronctitions,

Tr us: of fipurs 10 in 4 -tﬂr"rlnjn:; Lae cooling-ailr preseure
droy is 1]1u&tr L od by oan wxe 'u,]e in which it 18 agsamed thet the
follo:-inz o,:-sr'-lhnr, conditions 2re knom:

Moedins=sdir FLlom, coards Tl BOUT v o o o v 0 o o o o o s 5000
nrogtezng mbranee tamp rature, OF . . 0 0 0 . . . . . 1EDO
e wrhrmetean [1ow, pounds P MOUT & 0 v 0 6 e 0 s e e o s NGO
e Goolitne=air oo’ rance Lroeure, inchse 5200 0 . .. . . . . 1R
. Cealin =air entrence heaperature, “F 0 0 0 0 0 0 . . o W W 4T

NP
[ ]

uj

:
e}
m
ost]
]
e
(=]
<
3
n
ar

e enoline=air nroesare dro; ie Jdetzrain
€. Frov it.ms ) 31 R and definition of o

(3 r
3. = A X 29 0.715

Y

Te frum Ltepr L osrad 3 rnd fiesavre T
a¥, = 5R0°

o To oktaipn 2 first vurexwnation for Je*t/""--n' An is nysumud

a
cereal to Zoro, Tiwn fron itme § wnd T ond Lqiation (1)
T 1
= 15,690 (fivet trial)
J ’V-U
n 1 -
hg + LeC

Yo Wpom it mz 1 oend 8§ and (lrave 10:

J nhra = he2 inches of watlr
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10, From dtems 6 and 9:

T cms 4 mm ebern ot w M. - s ._,,4.'2 e rm - ot e s - -
ﬂpa = 6:5—16- = 8,1 (first trial)

11. A second approximation of Ogy/Onn cen now bs obtained from
items 4, §, 7, and 10 snd equation (1).

. _ 81

%x _ T 15 x13.6 _ 0.960

Uﬂn 1+ 350 ]'59)4
L5 + L60

12, From itoms 1 and 11 ard figre 10:

= (.5487 (second trial)

denfpg = .3 inches of water

13. From it:we & ! 10:

]
‘Lo . -
Apa = 37?%3 = 3.3 (scemnd triail)

1t :s obviour that Lurkh-r reptition is unnecvssary,

e proacztir: to he followed in the us: of firmrs 12 to oht=in
trn. erhaist-ges presgir: drop ie similar to thet foilowed in cbtain-
in, tas cocling-slr prosenrs drep frouw fimues 1v. The xit-to-
intracce denf iby-rotio relalionsnip fur the exhaust-gas side of the
exchan~or dif'fers from that for the cooling-alr sid: and is 2¥;ressed
as follown:

4p_
1 - —3
(pe)cx ] (Pe)en
O 1_‘ AT,
(To) + LEO

en
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SUM; ARY OF KESULTS

1. The thermal output of the NACA Type A exhaust-heat exchanger
was 2£5,000 Itu per hour at a cooling-air flow of 3000 nounds per
hour and an exiaust—gas flow of 4OCO pounds per nour. The pres-
sure drope, under these conditions, were 4.7 inches of water for
the cocling air at sen-level densd ty (1.0765 b/ cu ft) and 2.5 inches
«f water for the exlaust pgas at 1“00 F and 29.92 inches of mercury.

2. After 90 hours of operation the heat exchanzer, although
conztructed of low-carbon steszl, showed no simms of failure Irom
thermal strass impored Dy exbanst temperstures up to 1500

3. Thers were no indications after the tests that tubes of
thirner walls cculd n3t "ave been uscd and the weight reduced from
the prcsent value of 25.5 pounds.

Airerz{t En:irz Pasearch Laboratsry,
liational Advisory Comnittee for Aeropautics,
Cleveland, Ohin
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TABLE I

SUMMARY OF TEST DATA ON NACA TYPE A HEAT EXCHANGER

NATIONAL ADVISORY -
COMMITTEE FOR AERONAUTICS

Cool- | Cooling-alir tem- |Heat Exhsust~| Exhaust-gas tem- [Specific|Heat re-|Heat- |Heating |Temper~|Cooling|Cooling4Cooling=-|Exhaust~{Exhauat{Ratlo of|Ratfo of |Pressure Pressure
ing- perature added gas flow arature heat of | Jected |balance|effec= ature |effec- [alr air Zas Bas cooling-|exhaust-[drop of |drop of
alr At At Rise,|to rate, Wo[At At Drop,| exhaust | by ratio, [tiveness,|change |tive- inlet pres- inlet prog- air exitigas exit[cooling |exhaust
flow |entr- [exit, | AT, |cooling entr- (exit, | AT, |gas, cp | exhaust Ho/Hy Na of ness, (pres- [sure pres= sure and and en- |air, &S,
rate, lance, |(T,) air, H, ance, |(T, €| gas, Hq exhaust| 5 sure, [drop, sure, drop, |entr- trance |:g . p,
W, (T ox (Tg) gas, (pa) ap, [(ps) AP, |ance den- : fe_p
a L3 en ar,' en en den- aities, |! Pop ' ®
eities, | (p,) :
. ox |
(16/ | (°F) | (°F) [(°F) | (Btw/ | (bmr)| (°F) | (°F) [(°F) |(Btu)/ | (Btu/hr)|(per- |(percent)! (°FP)} |(per- |(in. Hgl(in. (in. Hg |(in, Fox oy |line (in,
hr) : hr} (10)(°F) cent) cent) ;b:o; water) ;b:o; water)l & ¢/en | water) | water)
ute ute en
3530 78 375 | 297 |252,000| 3620 1481 | 1261 | 220 | 0.272 | 217,000 86 212 256 0.183 | 29.46 5.8 29.38 2.8 0.651 1.120 5.5 2.8
35751 77 375 | 298 | 256,000 | 3685 1488 | 1270 | 218 «273 219,000 86 .211 255 »181 29,55 6,0 20,38 2.8 «631 1.121 ; 5.7 2.8
3€60] 67 262 | 195 |172,000| 3680 1099 935 164 .262 158,000 92 .189 179 173 29.82 5.4 29.47 1.8 709 1.112 I 4.8 2.2
3660 | 67 263 | 196 | 173,000 3680 1099 931 168 .262 162,000 24 .190 180 W174 29.82 5.4 29.47 1.8 #7709 1.117 4.8 2.2
3600 67 298 | 231 | 200,000 3600 1257 1067 180 +263 171,000 86 194 211 177 | 29.835 5.6 20.47 1.9 683 1,117 5.0 2,2
3600 | €8 315 | 247 | 213,000 3600 1335 | 1142 193 «269 187,000 a8 «195 220 174 29.83 5.5 29,47 1,9 «670 1,069 4.9 2.2
5435 | 64 169 | 105 |13€,000| 3495 820 669 | 151 +254 | 134,000 99 2139 153 202 | 31.08 8.9 29,88 1.3 +816 1.131 9.2 2.0
5490 | 64 174 110 [ 145,000 3495 858 697 | 161 .255 {143,000 99 138 163 «205 | 31.08 9.0 29,88 1.3 «810 1.139 T 9.2 2.0
5395| 64 210 | 346 |189,000| 3480 1074 869 | 205 «261 186,000 98 .144 208 +206 | 30.68 9.7 29.58 1.5 #7658 1.249 t 99 1.9
5405| 63 213 | 150 |195,000| 3480 1091 900 | 191 262 174,000 89 146 214 .208 | 30.68 9.8 29.58 1.6 o757 1,138 10.0 2.1
5250 | 63 268 | 205 |259,000| 3345 1367 | 1119 | 248 «269 | 223,000 86 157 288 «220 | 30.68 9.8 20,58 1.8 »701 1.149 10.0 2.1
5250 63 265 | 202 | 255,000 3450 1364 1108 | 256 +269 | 237,000 93 #1585 275 212 | 30.83 10.6 29.68 1.9 702 1.154 10,8 1.9
5480| 65 289 | 224 |295,000] 3495 1472 | 1203 269 272 | 255,000 86 .159 310 «220 | 30.88 11.0 29.68 2.1 «679 1.1 11,2 2.2
5425 | 64 290 | 226 {295,000| 3485 1473 | 1204 | 269 272 | 255,000 86 .160 311 .221 30.88 11.0 29,68 2.0 «881 1.157 11,2 2.1
7235| 60 160 | 100 |173,000| 3435 928 743 | 185 »256 | 163,000 94 .116 197 .227 | 31.68 15.2 29.58 1.4 +810 1,153 16.0 1.0
7200| 60 162 102 {176,000 3435 962 763 | 199 257 176,000 100 2113 199 «221 3l.68 15.2 20,58 1.4 «808 l.161 16.0 1.9
7250 61 193 | 132 | 230,000| 3345 1147 923 | 224 «263 197,000 86 .121 261 «241 31.83 16.0 29.58 1.6 «768 1,157 16.9 1.9
7210 62 196 | 134 [ 232,000 3345 1184 946 | 238 «264 210,000 01 +119 263 234 31.78 16.0 290,58 1.6 +766 1.166 16.9 1
7165| 63 239 | 178 | 302,000 3425 1454 1167 | 287 271 266,000 8e 127 3z 234 31.93 16.9 29.58 1.8 2717 1.175 17.9
7265 64 245 | 181 | 316,000 3380 1485 | 1195 | 290 272 267,000 04 +127 343 «241 32.03 17.1 29,58 1.9 712 1.165 18.1
7265| 63 227 | 164 (286,000 3425 1397 | 1108 289 269 | 267,300 93 «123 310 232 32.00 16.7 29.63 1.8 «730 1.182 17,7
7260| 65 232 | 167 (291,000 3505 1400 | 1131 269 «270 | 254,000 87 <125 308 230 | 32.48 1€.6 30.08 1.8 «729 1.157 17.8
R380| 60 136 76 {171,000 3480 88l 702 179 .255 159,000 93 .092 192 «234 33.18 23.2 29.58 1.4 «835 l.152 25.6
9275 | 62 168 106 | 236,000, 3390 1153 915 | 238 263 | 212,000 90 «007 265 <243 | 33.28 24.1 29,58 1.5 7688 1.168 26.6
9250 63 171 108 | 240,000| 3340 1172 932 | 240 264 211,000 B8 097 272 2246 § 33.33 24.2 29.58 1.5 786 1.170 26.7
9265 64 194 | 130 | 289,000| 3335 1358 | 1073 | 285 .268 [ 255,000 a8 .100 323 «250 [ 33.53 25.2 29.58 1.7 + 754 1.178 28.0
9265 64 197 | 133 | 296,000| 3335 1384 1086 | 2989 .269 267,000 90 .101 330 «250 | 33.53 25.2 29.58 1.7 #7565 1.193 28,0
9350 64 220 | 156 {350,000 3290 1534 | 1211 323 #273 | 299,000 85 +107 378 257 53.68 25.7 29.56 1.9 o727 1.197 28.6
9200 65 222 | 157 [ 347,000| 3335 1537 | 1221 316 273 | 287,000 a3 107 381 259 | 33.63 25.9 29,83 1.9 o727 1.182 28.8
3410 67 262 | 195 |160,000| 5345 934 813 12 .258 1€€,000 14 .225 116 .134 29.58 4.5 50,08 3.3 721 1.083 4.4
34057 67 266 § 199 | 163,000] 5345 947 B34 112 «258 | 15€,000 9€ .226 118 134 | 29.58 4.6 30.08 3.3 720 1.075 4.5
5410 | 68 328 | 259 | 212,000| 5405 1202 | 1056 146 «266 | 210,000 99 +220 147 #130 | 29.€3 5.0 30,38 4.0 +663 1.088 4.9
3410 | €8 329 261 | 214,000 5395 1195 | 1064 131 »266 | 188,000 a8 231 150 133 { 29.63 5.0 30.38 4,0 «665 1.077 4.9
3415 | 70 381 311 (255,000 5415 1405 | 1256 | 149 271 219,000 86 233 175 131 2v.€8 5.3 30.48 4,2 «622 1.075 5.2
3580 72 389 | 317 | 273,000 8355 1489 1328 | 161 «274 | 236,000 06 2204 187 «132 29.56 6.2 30,38 4.5 <614 1.080 6.0
3595 | 72 389 | 317 {274,000 5315 1493 1329 | 1€4 274 238,000 87 $28 189 JA33 | 29.54 6.2 30.28 4.5 «614 1.073 6.0
5505| 70 311 | 241 | 319,000| 5415 1411 1224 187 «271 274,000 86 <160 218 163 | 30,93 12.0 30.48 4,2 «E6B 1.100 12.2
55051 70 309 | 239 [ 31€,000( 5405 1412 1224 les8 «271 275,000 87 <178 216 »161 30,03 12.0 30.48 4.2 +668 1.100 12,2
5500 69 272 | 203 | 268,000| 5385 1233 | 1064 169 «266 242,000 20 W174 187 .160 | 30.83 11.4 30,38 3.8 «704 1,100 11.5
54951 67 229 | 162 {214,000 5395- | 1010 | 877 | 133 | .260 | 186,000 87 172 153 .162 | 32.68 | 10.7 | 30.18 3.3 2748 | 1.090 10.8
54951 67 228 161 |215,000| 5345 1014 874 140 260 , 196,000 92 .170 152 160 ( 30.73 10.8 30.18 3.3 «748 1,100 10.9
5290 72 327 255 | 324,000 5300 1486 1294 192 .273 | 278,000 86 .161 224 158 30.56 12.0 30.28 4.4 +E55 1.098 11.9
52851 72 527 | 255 324,000 5335 1493 | 1297 156 273 285,000 88 «180 223 2156 | 20,56 11.8 30,28 4.4 «655 1.098 11.8
5280 70 326 | 256 | 325,000 S340 1493 1296 197 £273 287,000 88 .180 223 156 [ 30.57 11.9 30,26 4.4 «653 1.008 11.9
7375 | 67 170 | 103 | 182,000 5385 836 & 705 131 254 179,00 98 134 133 2173 | 31.79 16.2 29.99 3.C «805 1.107 16,9
7310 | 64 1€9 | 105 | 184,000 | 5385 843 722 121 255 | 166,000 90 «135 134 1737 31.79 16.0 30.09 3.0 «802 1.094 16.8
7450 | 62 203 | 141 | 252,000 S480 1073 908 | 1€5 .262 | 236,000 94 132 175 173 | 31.94 1€.9 30.29 3.4 «759 1l.116 17.9
7310 | 62 205 | 143 | 250,000 5445 1083 925 | 1€8 +262 | 240,000 96 139 17 2171 31.94 17.0 30,29 5.5 755 1.117 18.0
7415 | 61 241 180 | 320,C00 5485 1304 & 1106 | 198 «268 | 291,000 91 2145 217 174 1 32,09 18.C 30,49 3.9 715 1.118 19.2
7345 | 61 241 180 317,000 5485 1317 ' 1103 | 214 «268 ! 314,000 99 «143 215 Jd72 | 32,09 18.C 30.49 3.8 «715 1.123 19,2
7415 61 282 221 | 393,000 5405 1544 | 1315 229 2274 339, CO0 86 149 265 «179 32,20 18,8 30.69 4.3 «674 1.112 20.3
9470 | 56 211 155 | 352,000 5425 1328 {1120 ! 200 «269 304, 000 86 .122 240 .188 | 33.79 26.1 30,69 4.2 727 1.117 29.6
8470 | 56 209 | 155 (348,000 5460 1312 | 1110 1 202 «268 | 296,000 85 J122 239 190 | 33.79 26.4 30.69 4.2 «729 1.122 30.0
9470 | 54 145 01 |20€,000| 5530 865 731 134 «255 189,000 2 #112 151 .185 { 33.29 23.5 30.39 3.4 797 1.107 26.4
9470 | 54 144 90 | 204,000 | 5475 846 7)8 | 128 »255 | 178,000 87 o113 149 .189 | u3.29 23.5 30.39 3.3 .6800 1.105 25.4
§510 | &5 161 106 | 242,000 6885 918 795 | 123 257 . 218,000 90 123 137 .158 ' 33.44 23.8 31.19 4.6 <787 1.083 27.1
938C | 56 163 | 107 | 241,000 66885 920 794 127 «257 205,000 93 .12 136 .158  33.39 23.6 31.19 4.6 <787 1.002 26.9
9380 | 57 188 | 131 295,000 | 6940 1093 | 949 144 «262 262,000 89 #1286 lg2 167  33.59 24,8 31.49 5.2 756 1,090 28,3
9225 | 67 194 127 (281,000 €B25 1659 911 148 «262 | 264,000 o4 .128 158 .159 | 32,97 24.4 31,02 Se4 #762 1,093 26,8
9290 | 68 230 | 162 1362,000| 6910 1263 1083 180 +267 | 337,200 92 #1385 196 J1€4 | 33.22 26.0 31.32 6.7 .722 1.100 28.8
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TABLE I ~ Concluded
- SUMMARY OF TEST DATA ON NACA TYPE A HEAT EXCHANGER - Concluded NATIONAL ADVISORY
: COMMITTEE FOR AERCNAUTICS
Gool- | Cooling-air tem- |Heat Exhaust- | Exhaust-gas tem= |Specific|Heat re-|Heat- |Heating |Temper=-|Cooling|Cooling-Looling-|Exhaust-|Exhaust|Ratlo of |Ratio of [Pressure(Pressure
ing- perature added [gas flow perature heat of |jected |balance [effec- ature Jeffec- lair @ir gas £as cooling«|exhaust- [drop of |drep of
alr At At Rise,|to rate, W, |At At Drop, | exhaust !by ratio, |tiveness,|change [tive- inlet pres= inlet pres- air exit|gas exit cooling |exhaust
- flow lentr- |exit, AT, |cooling entr- [exit, AT, | gas, cp exhaust H,/H. Aa of ness, pres=- laure pres= sure and and en- [air, gas,
rate, ance, |((7T4) air, Hy ance, |(T,) e gas, He exhaust| 7.’ sure, drop, sure, drop, {entr= trance o AP N
v, Ty ex . Te ex gas, (py) Ap, (pg) Ap, |ance den~ o™ a | Po A9,
en en AT, on en den=- sities, | . Peo ' ®
sities, (Pg)
—tF :
(av/ | (°F) | (°P) |(°P} | (Btu/ | {(1b/hr)| (°F) | (°®) |(°F) |(Btu)/ |(Btu/hr):(per- |(percent)| (®F) |{{per=- {(in. Hg [(1n. (in. Hg {(in. Sox R L (4n.
hr) ‘he) {1b)(°P)} cent) cent) | abso- | water) | abro- water)| o ¢ign | water) | water)
: lute} lute) en
9275! 69 231 162 [ 361,000 6900 1267 1093 | 174 0.267 (321,000 89 0.135 196 0,164 | 33,22 25.9 31.32 6.8 0.723 1.094 28.7 8.2
9260 71 277 206 458,000 6940 1495 | 1288 | 207 #273 | 392,000 a6 145 242 J170 | 33,52 27,5 31.72 9.1 879 1,004 30.5 9.8
9260 | 72 276 204 | 454,000| 6915 1492 | 1269 203 273 384,000 85 144 24] .169 | 33,52 27.5 3l.72 8.1 +679 1.004 30.5 9.8
7425 75 212 137 [245,000f 7230 992 865 | 127 259 238,000 97 »150 131 143 | 32.63 16.9 32.03 5.2 777 1.081 18.4 7.7
7465 | 74 212 136 | 245,000 7255 993 865 | 128 259 241,000 97 «152 132 144 32,68 16.9 32.03 5.2 737 1.086 18.4 7.7
7490 | 76 264 188 | 338,000 7260 1280 | 1114 166 268 323,000 96 157 174 144 | 32,93 18.4 2443 6.4 o734 1.086 20,2 8.0
7450 7 263 | 192 | 344,000 7340 1283 1116 | 167 «268 329,000 96 +159 175 144 32,38 845 31.83 6.4 #8691 1,088 19,9 7.8
7315 | 66 300 | 234 1411,000] 7220 1479 1285 | 194 #273 383,000 93 .165 2 148 ¢ 32,30 8.8 2.00 845 »663 1.086 20.3 9.4
7270 | 66 306 | 240 | 418,000 71€5 1492 1305 | 187 273 |366,000 88 +168 214 151 - 32.35 19,2 32,10 8.6 657 i 1,087 20.6 9.4
5440 73 365 | 282 | 369,000 7305 1492 | 1312 180 +273 359,000 97 .198 185 130 31.00 12,2 32,20 945 «635 | 1,074 12.5 10.5
5440 74 359 285 | 373,000 7305 1494 1326 | 168 «274 336,000 20 .200 1e7 132 © 31.00 1z.2 32.20 9.9 632 1.062 12,5 11.9
3715 66 410 | 342 | 305,000 7370 1474 1344 130 274 262,000 86 +243 151 «107 | 30,05 6.4 32.40 10.4 #5968 1,080 6.4 11,6
3715 | €8 411 343 (306,000 7335 1472 1344 | 128 274 257,000 84 »244 152 «127 | 30.05 Sed 3C.40 10.4 »590 1,044 [- 1% ] 11.7
7265 | 67 278 | 211 | 269,000 5275 1477 1254 223 #2733 [321,000 87 «147 251 178 | 32.25 18.3 30.70 4.2 +688 1.121 19.8 do.4
7350 | 66 276 219 | 370,000 5290 1474 1257 217 #273 313,000 85 148 254 o181 , 32.25 18,1 30,70 4.2 «607 1.115 19,5 o4
3620 | 72 362 290 | 252,000 7360 1269 1150 | 119 +268 234,000 93 242 128 «107 ! 29,51 5.9 31.48 748 +636 1,051 5.7 9.5
3575 | 70 366 | 296 | 254,000 7350 1288 1172 116 269 229,000 90 243 129 .106 ' 29,52 €.1 31.48 7.7 630 | 1.052 5.9 9.2
5400} 70 306 | 236 | 306,000 7250 1293 1154 139 +268 270,000 a8 .193 157 .128 | 30.58 11.8 31.45 TeS +667 . 1,088 11.8 9,0
5400 &9 304 235 1305,000| 7260 1287 | 1146 141 «268 274,000 90 193 157 .128 | 3C.58 11.8 31.43 74 #5711 1,068 11.8 8.9
53985 69 260 | 191 | 247,000( 7275 1097 973 124 +263 237,000 96 »186 129 126 ! 30.48 11.0 31.08 5,7 2713 1,071 11.0 7.8
5405 ] €8 256 188 | 244,000 7205 1079 963 116 «2€2 213,000 89 .186 129 .128 | 30.47 11.0 20,98 5.6 715 1.065 11.0 7.6
3390 | €5 267 | 202 ) 165,000 5255 a2 849 | 123 259 167,000 101 «222 121 +133 29.09 4.6 29.64 3.3 713 1,03 4.4 4.6
3380 | 64 282 | 218 (177,000 5265 1033 908 125 «26) 172,000 97 +225 129 o133 | 29,04 4.7 29454 3.5 599 1,081 4.5 4.7
5420 | 63 231 168 | 219,000 5315 1046 897 | 149 +261 206,000 94 o172 is8 <161 30,00 10.4 29,74 3¢5 737 1.006 10.3 4.8
5420 | 82 225 | 163 | 212,000 5345 1014 859 155 +260 |[215,000 101 «171 153 160 | 30.00 10.3 29.54 3.4 2743 1.104 10.2 4.6
5410 | €2 223 161 1 209,000 5340 1013 863 150 «260 {208,000 99 +169 151 +158 30.54 10.3 29,64 3.3 o745 1.104 10.4 4.5
7150 | 69 199 | 130 | 224,000 5345 1021 848 | 173 259 240, 000 107 »136 162 +170 | 31,42 16.2 29.92 Sed 771 1l.128 16.6 4.6
7240 | 64 193 | 120 | 223,000 5280 1024 862 | 162 +260 ;292,000 100 <134 163 169 | 31,47 16.9 29.92 343 583 1.114 19,7 4.5
9450 | 61 169 | 108 | 245,000| 5335 1030 860 | 170 .26C 236,000 96 £111 177 .183 | 33.02 25.0 29,92 3.2 «782 l.124 27.4 4.2
9540 | S8 169 | 111 § 254,000 5370 1053 878 175 261 245,000 96 o111 182 2183 | 33.22 24,5 29,72 3.3 «779 1.121 27.6 4.3
7210 | 59 206 | 147 | 255,000] 7320 1037 888 133 +261 266,000 104 «150 134 2136 | 31.47 16.5 30,92 53 <749 1.087 17.4 73
7360 | S8 203 | 145 | 257,000 7250 1024 892 | 132 «260 !249,000 97 .150 136 J141 | 31.57 17.2 30.92 5.3 750 1.087 17.9 Tod
4950 { 59 242 | 183 | 218,000f 7250 1037 915 | 122 «2€1 231,000 106 »187 115 118 | 30.12 9.4 30,92 5,3 722 1.073 P4 763
5100 | 59 242 | 183 | 224,000| 7330 1030 910 | 120 «261 230,000 103 .189 119 Je2 | 30,22 2.5 31.72 5.6 #723 1,070 9.6 7.9
3650 | 60 283 | 283 }1195,000( 7275 1034 930 | 104 o261 198,000 102 +229 103 105 | 29,52 5.5 31,72 5.6 «690 1.062 5.1 8.0
3480 | 61 251 190 {159,000 3505 1020 852 168 259 153,000 96 +198 175 183 | 29,32 4.7 20.12 1.5 «723 | 1.126 4.6 2.0
3480 | €0 252 | 192 | 161,000{ 3505 1043 873 170 260 155,000 96 .195 177 .180 | 29.32 4.7 29.12 1.6 722 i 1,123 4.6 2.1
5270 59 205 | 146 | 185,000 3505 1048 857 191 +260 1174,000 94 148 208 .205 | J0.22 9.5 29.12 i.6 763 H 1.144 9.6 2.1
5280 ( S 204 146 {185,000 3505 1049 851 198 +260 ;181,00C 9L «147 203 «205 { 30.22 9.4 29.12 1.6 783 | 1.149 9.5 2.1
7220 | 56 169 | 113 |196,000| 3510 1033 826 | 207 259 188,0C0 o€ .116 216 221 | 31.37 15.6 29.12 1.5 <790 - 1.158 16.4 2.0
72201 S5 173 | 118 | 204,000] 3455 1064 856 { 208 .260 187,000 92 <117 227 .225 | 31.32 15.5 29.12 1.5 <785 i 1,156 16.3 1.:
9630.| 54 146 92 | 213,000| 3460 1059 842 | 217 260 195,000 91 092 239 .238 | 33.02 24.5 29.12 1.5 802 | 1.160 27.2 i.s
9550 | 54 144 90 | 206,000 3445 1056 830 | 226 26¢ 203,000 a8 000 233 #232 | 33.02 23.9 29,12 1.5 «807 ! 1.176 26.5 1 .5
9200 | 72 212 | 140 |310,000{ 9365 | 1023 | 888 | 135 +260 320,000 | 106 .148 127 134 | 33.12 | 25.3 | 32.67 | 12.4 o746 | 1.068 27.3 8.
9240 | 70 212 | 142 {315,000 9365 | 1025 [ 896 | 120 | .261 314,000 | 100 149 129 W35 | 33.17 | 25,1 | 32.77 | 12,7 T4 | 1,060 27,2 16.8
7040 | 70 238 | 168 {284,000] 9460 i017 899 118 «2€0 291,000 103 .178 11¢ 123 | 31.52 16.5 32.77 13.1 .788 | 1.054 iz.o ig.;
7070 | 71 239 | 168 | 286,000( 9450 | 1028 | @398 | 130 .261 :a20,co0 [ 112 176 117 123 | 31.52 | 16.5 | 32,87 | 13.1 J73L 1,063 .0 .
5270 [ T 276 | 205 [260,000| 947C | 1038 | 933 | 105| .261 [260,000 | 100 212 105 2109 | 30,37 | 10.4 | 32.97 | 13.€ 705 | 1.2 10.3 20.0
§210 | M 276 | 205 (257,000 9470 1040 935 105 2251 2€Q,000 101 .212 104 107 | 30,37 10.4 32,97 13.7 £33 1.041 10.3 20.1
3940 | 72 312 240 [ 226,000| 9545 1032 Q80 a2 .261 205,000 91 +250 91 #0985 | 29.67 6.5 .| 33.07 14,0 <677 1.023 6.3 20.:
3940 | 73 312 | 239 | 227,000| 9560 1035 936 29 261 247,000 109 +248 91 +095 | 29,67 6.4 33.07 14.2 679 1,037 6.2 20.
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NACA ARR No. E4H22 CFig. 4

*

24" 461" 19" ——
18% — -12"-
Z
110
m
x g :
> x |8 _— Stotion A
~ ¢ ola / T 1
/] x ©
2\_ r—
7
// .
©Z IIIIIIIIIR A 777 1
= - ¢ = ||
Exhoust gos~—s— "o : — é St‘
cy [ > oy __L_ J
2 /. LA s,
//// ZIREZE
High~temperature insulatlion o N by
ol-p l
/nuulnnu Stotlon B
/]
“ ;i Station C
ffl ation
Ba 88— '/ %‘/ l_____
4*#
{6//77 f
- : COOIIné alr
NATIONAL ADVISORY 3
COMMI TTEE FOR AERONAUTICS L A

w lron-constanton thermocouple
O A Stotic-pressure pliezometer ond
total~head tubes
= Shlelded chromel-alume! thermocouple
\\ Hlxlng boffles

Figure 4. ~ Diogrommatic sketch showing positions of
thermocouples, pressure tops, aond boffle plotes
In heot-exchanger duct.
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Flgure 5.,—- Heat balance of cooling air and exhaust gas.
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Figure 6.~ Heat output of the NACA tgpe A heat exchanger. En-—
trance~temperature difference, 1500 .
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Flgure 7= Cooling-air temperature rise in the NAC& type A heat

exchanger,

Entrance-temperature difference, 1 *
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Cooling and heating effectiveness of the NACA type A heat exchanger.
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Figure 9.= Correlation of cooling-air pressure-drop data,
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Figure ll.- Correlation of exhaust-—-gas
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pressure drop data.
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Figure 10~ Pressure drop of cooling alr across the NACA type
A internally finned tubular heat exchanger.
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Figure 1l2.,- Exhsust-gas pressure drop across the NACA type
A Iinternally finned tubular heat exchanger,

16 x 10°
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